BACKGROUND: Obesity is a major health concern in the developed world, and increasing evidence suggests that exposures to common environmental substances may enhance the risk for the development of this disease. OBJECTIVES: The current study examines the effect of the ubiquitous plastic monomer bisphenol A (BPA) on the differentiation of primary human preadipocytes in vitro and the role of the estrogen and glucocorticoid receptors. METHODS: In this study, the mechanism of BPA-induced adipogenesis in preadipocytes from donors with healthy body mass index in the absence of exogenous glucocorticoid was evaluated. The effects of estradiol, the estrogen-receptor (ER) antagonist ICI and the glucocorticoid receptor (GR) antagonist RU486 on BPA-induced adipogenesis were examined. The expression levels of key adipogenic factors were assessed. RESULTS: Treatment of preadipocytes with 1-50 mM BPA induced a dose-dependent increase in differentiation and lipid accumulation as determined by lipid staining and triacylglyceride quantification. BPA also induced expression of the adipogenic markers aP2, adipsin, peroxisome proliferator-activated receptor g and the CCAAT-enhancer-binding proteins a and b. Co-treatment of cells with ICI inhibited the BPA-induced increase in aP2 levels, while treatment with ICI or estradiol alone had no effect. Treatment of cells with the GR antagonist RU486 had no effect on BPA-induced differentiation as evaluated by aP2 levels. CONCLUSIONS: This study is one of the first to show that BPA induces human adipocyte differentiation in the absence of exogenous glucocorticoid through a non-classical ER pathway rather than through GR activation. These studies add to the growing evidence that endocrine-disrupting chemicals such as BPA have the potential to modulate adipogenesis and impact human biology.
INTRODUCTION
Obesity is directly associated with a number of health complications, including diabetes, hypertension and heart disease (reviewed in Allender and Rayner 1 ). Although unfavorable diet, lifestyle and genetic factors are associated with the increasing rates of obesity around the world, it is now suspected that exposure to environmental chemicals may be contributing to this epidemic by disrupting normal metabolism. 2 Substances with ubiquitous human exposure, such as bisphenol A (BPA), may have an important role in fat cell formation and metabolism during development and adulthood by disrupting adipogenesis, lipid accumulation and contributing to obesity. 3 BPA is an industrial chemical used in the manufacture of polycarbonate plastic, epoxy resins and thermal printing. 4, 5 BPA is released from consumer products and has been detected in food, water and dust. 6 Human exposure to BPA has been confirmed by its presence in blood, urine and adipose tissue. 7, 8 Not only is BPA exposure associated with obesity 9,10 and diabetes 11 but it has also been linked to modulation of adipocyte differentiation and function in rodent and human models. [12] [13] [14] However, the molecular mechanism of action of BPA in human preadipocyte differentiation has yet to be determined.
Adipocyte differentiation in murine cells is regulated mainly by CCAAT-enhancer-binding protein (C/EBP) a, b and d and peroxisome proliferator-activated receptor (PPAR) g, which induce the expression of genes that lead to the development of the adipocyte phenotype which includes the formation of lipid droplets and adipokine release (reviewed in Tang and Lane 15 ). In human preadipocytes, the transcriptional cascade that leads to a mature adipocyte phenotype is less understood than in murine models; however, evidence in the literature suggests that it involves similar transcription factors. 16, 17 The mechanisms by which BPA affects adipocyte biology have yet to be determined; however, nuclear hormone receptors are believed to be involved. 18 BPA has been linked to estrogenreceptor (ER) and glucocorticoid-receptor (GR) modulation, both of which can influence adipogenesis and lipid metabolism. [19] [20] [21] Although estrogen has been shown to inhibit adipogenesis in vitro, [22] [23] [24] ERa knockout mice are known to exhibit increased adipose tissue, supporting an antiadipogenic role for ERa. 25 BPA has also been shown to bind classical and non-classical ERs in several studies [26] [27] [28] [29] [30] and therefore these receptors may have a role in BPA-induced adipogenesis.
Alternatively, BPA may be acting through the GR pathway. Glucocorticoids are involved in promoting adipogenesis in vitro, primarily through the activation of the C/EBPb, leading to the expression of PPARg and C/EBPa. 31, 32 BPA was shown to promote adipogenesis through GR activation in murine 3T3-L1 preadipocytes 21 and to increase the expression of 11b-hydroxysteroid dehydrogenase type 1 in primary adipocytes from overweight children resulting in the activation of GR and adipogenesis.
14 Dexamethasone (DEX), a synthetic glucocorticoid, is universally used in adipocyte models of in vitro differentiation. The few studies showing effects of BPA on human preadipocyte differentiation have only examined the effect of BPA in the presence of glucocorticoid. 14, 33 Although the addition of DEX is generally required to induce efficient differentiation, this raises some issues when attempting to explore a potential GR-related mechanism as DEX is a very potent GR agonist even at low concentrations. 34 In the current study, the mechanism of BPA-induced adipogenesis in human preadipocytes was examined. The differentiation process requires the addition of a cocktail that initiates the adsipogenic transcriptional cascade. This cocktail includes high levels of insulin, which increases intracellular levels of cyclic adenosine monophosphate, 3-isobutyl-1-methylxanthine (IBMX), a PPARg agonist (troglitazone) and high levels of glucocorticoids. Under these conditions, high percentages (B80%) of the human preadipocytes accumulate lipid droplets. In order to determine the possible target of BPA action, components of the differentiation protocol were systematically eliminated. Here, we show for the first time that BPA induces lipid accumulation in human preadipocytes and increases expression of several key adipogenic markers in the absence of glucocorticoids. Moreover, BPA-induced differentiation was inhibited in the presence of the specific ER antagonist ICI-182,780, but not by a GR antagonist, despite the fact that estrogen had no agonistic effect in this model, suggesting that the mechanism of BPA action may be through a non-classical ER pathway.
MATERIALS AND METHODS

Adipocyte differentiation
Primary human preadipocytes (Zenbio, Inc., Research Triangle Park, NC, USA) from donors with body mass indexes p24.99 kg m À 2 were maintained in Preadipocyte Medium (ZenBio) at 37 1C and 5% CO 2 . For differentiation, confluent preadipocytes were treated with media containing 33 mM biotin, 17 mM pantothenate (both from Sigma-Aldrich, St Louis, MO, USA) and 100 nM insulin (Roche Applied Science, Laval, QC, Canada) for 14 days. In addition, 500 mM IBMX (Sigma-Aldrich) was also included in the differentiation media from day 0 to day 4. From day 2 until day 14, 5 mM troglitazone (Sigma-Aldrich) and the indicated concentrations of BPA were also included in the differentiation media, which was replenished every 2 days. As a positive control, cells were treated with 1 mM DEX (Sigma-Aldrich) starting on day 2 throughout differentiation with the same media as above instead of BPA. For the ER and GR antagonist studies, 1 nM estradiol, 1 mM ICI-182,780 or 1 mM RU486 (all Sigma-Aldrich) were also added as above with or without BPA.
Lipid staining and quantification After 14 days of differentiation, cells were fixed with 4% formaldehyde and stained overnight with Oil Red O (Sigma-Aldrich) to visualize neutral lipid content as previously described. 35 Cellular triacylglycerides (TGs) were quantified using a TG Assay Kit (Zenbio). TG levels were normalized to cellular protein content, which was quantified using the Pierce BCA Protein Assay Kit (Thermo Scientific, Rockford, IL, USA).
Real-time PCR
Total RNA was extracted from differentiating cells treated as described at various time points using the RNeasy Kit (QIAGEN, Mississauga, ON, Canada). Peak expression time points for each gene were optimized and found to be 4 days post treatment for adipsin, PPARg and CEBPb and 6 days post treatment for aP2 and CEBPa. Genomic DNA was eliminated using the RNase-Free DNase Kit (QIAGEN). RNA quality was assessed using a BioAnalyzer (Agilent). Only samples with RNA integrity number values48.0 were used. RNA (250-500 ng) were reverse transcribed into cDNA using iScript Advanced cDNA Synthesis Kit (Bio-Rad, Mississauga, ON, Canada). For each real-time PCR reaction, cDNA was amplified in a CFX96-PCR Detection System using the iQSYBR Green Supermix Kit (Bio-Rad 0 -TGCAGCTGTCCCGGCGATTG-3 0 . Standard curves were generated from the pooled cDNA obtained from cells treated with DEX from various time points. Primer efficiencies were X90%, and specificity was confirmed by sequence blast and melting curve analysis. Reactions were normalized to b-actin expression, which was not affected by BPA treatment.
Western blotting analysis
Cells were washed in phosphate-buffered saline and lysed in buffer containing 50 mM Tris, 150 mM sodium chloride (NaCl), 1% IGEPAL, 5 mM EDTA (all from Sigma-Aldrich) and protease inhibitor cocktail (Roche Diagnostics, Laval, QC, Canada). Equal amounts of protein were resolved by SDS-PAGE (sodium dodecyl sulfate-polyacrylamide gel electrophoresis) and transferred to polyvinylidene membrane. Primary antibodies for aP2 (R&D, Minneapolis, MN, USA), perilipin (D1D8; Cell Signaling, Boston, MA, USA) and b-actin (13E5; Cell Signaling) and appropriate horseradish peroxidase-labelled secondary antibodies were used. Western blots were visualized using the ChemiDoc Imager and quantified using the Image Lab software (Bio-Rad).
Statistical analyses
All data were analyzed by Student's t-test or analysis of variance with Holm-Sidak post-test analysis as indicated using SigmaPlot 11.0 (San Jose, CA, USA).
RESULTS
BPA increases lipid accumulation in human preadipocytes
The differentiation of human preadipocytes requires well-defined inducers, including insulin, IBMX, troglitazone and DEX. Omission of any of these components during differentiation abolished the ability of the cells to assume a mature adipocyte phenotype (data not shown). Our initial experiments were designed to investigate whether BPA could replace any of these components, and it was found that BPA could only replace the DEX-mediated effects on differentiation (data not shown and Figure 1 ). We evaluated the effect of BPA on adipocyte differentiation, by assessing lipid accumulation using Oil Red O staining and TG quantification using a commercial assay. Cells treated with 25 or 50 mM BPA for 14 days showed increased Oil Red O lipid staining, indicating more differentiation compared with control cells treated with vehicle alone (ethanol; Figure 1a ). Cells treated with 1 mM DEX as a positive control showed roughly 80-90% of the cells positive for lipid staining, indicating a high degree of adipocyte differentiation. Treatment of cells with 25 or 50 mM BPA also significantly stimulated TG accumulation (Figure 1b) , inducing a 1.7-2.1-fold increase, respectively, in TG levels. Cells treated with DEX exhibited an almost 15.4-fold increase in TG levels relative to vehicle control (Figure 1b) . No cell death was observed under any of the treatment conditions. The data show that BPA can induce adipocyte differentiation and lipid accumulation in the absence of exogenous glucocorticoids.
BPA increases mRNA and protein expression of adipogenic markers To further evaluate BPA-induced effects on differentiation, the mRNA expression of key adipogenic markers and transcription factors were evaluated using real-time PCR. Peak expression time points for each gene were optimized and found to be 4 days post-BPA treatment for adipsin, PPARg and CEBPb and 6 days post-BPA treatment for aP2 and CEBPa (data not shown). Treatment of cells with 25 or 50 mM BPA resulted in a statistically significant increase in the mRNA levels of the adipogenic marker aP2 by 3.1-and 3.9-fold, respectively, at 6 days post-BPA treatment (Figure 2) . DEX treatment caused a dramatic 36.2-fold increase in aP2 expression relative to vehicle control. Adipsin mRNA levels were also induced 1.5-fold by 50 mM BPA at 4 days post-BPA treatment whereas DEX treatment resulted in a 6.3-fold increase in adipsin expression ( Figure 2 ). The BPA-induced mRNA levels of key transcription factors involved in adipogenesis were also evaluated. Treatment of cells with 50 mM BPA or DEX caused a 2.0-and 7.0-fold increase, respectively, in PPARg mRNA expression at 4 days post-BPA treatment ( Figure 2 ). Expression of CEBPa was significantly increased by 1.8-fold at 6 days post-BPA treatment in response to 25 or 50 mM BPA, respectively. Similarly, DEX treatment resulted in a significant 15.9-fold increase in CEBPa expression (Figure 2 ). In contrast, CEBPb mRNA expression was only slightly increased 1.5-fold at 4 days post-BPA treatment in response to 50 mM BPA, whereas DEX did not result in a statistically significant increase in CEBPb levels ( Figure 2 ). The data show that BPA induces human adipocyte differentiation as determined by the increased expression of adipogenic markers at the mRNA level and increases expression levels of transcription factors known to be involved in the transcriptional cascade leading to adipocyte differentiation.
Next, we evaluated the effect of BPA treatment on the protein levels of the adipogenic markers aP2 and perilipin. The ability of increasing concentrations of BPA (from 0.01-50 mM) to potentiate the differentiation of human preadipocytes was examined at day 14 of differentiation. The data show that protein levels of the adipogenic marker aP2 were increased on day 14 by as low as 1 mM BPA; however, only 25 and 50 mM BPA treatments showed a statistically significant increase in aP2 protein levels relative to control (Figures 3a and b) . Therefore subsequent experiments were performed in the presence of 25 mM BPA. We proceeded to investigate the protein expression levels of aP2 and perilipin during the differentiation process. The data indicate that BPA significantly induces aP2 expression by 1.8-fold compared with control as early as day 6 (Figure 3c ) and by 3.2-fold at day 14. Perilipin protein levels were detectable only at day 14 and increased only by 1.5-fold following treatment with 25 mM BPA relative to control; however, the difference was not statistically significant (Figures 3e and f) . As a positive control, DEX-treated preadipocytes showed high levels of both aP2 and perilipin protein levels by days 6 and 14 of differentiation (Figure 3g) . These results clearly show BPA induces expression of key adipogenic markers at both the mRNA and protein levels.
BPA-induced differentiation is inhibited by the ER antagonist ICI Given that BPA has ER-binding activity at concentrations as low as 0.1 mM, 36 the potential role of the ER in BPA-induced differentiation was investigated using the specific ER antagonist ICI. The protein levels of aP2 were examined at day 14 as a marker of differentiation in human preadipocytes following co-treatment with 25 mM BPA and 1 mM ICI. Co-treatment with ICI significantly inhibited BPA-induced aP2 protein levels by 75% (to background levels) at day 14 of differentiation ( Figures 4a and b) . Neither estradiol nor ICI treatment alone had a significant effect on differentiation or aP2 protein levels. This suggests that the mechanism of BPA-induced differentiation of human preadipocytes is likely mediated via a non-classical ER pathway.
BPA-induced differentiation is not affected by the GR antagonist RU486
The involvement of the GR in BPA-induced differentiation was also evaluated in the presence of a GR-specific antagonist. Human preadipocytes were co-treated with 25 mM BPA and 1 mM of the GR antagonist RU486, which has been reported to inhibit DEXinduced GR activation, 37 throughout differentiation until day 14. In control experiments, 1 mM RU486 was able to inhibit differentiation of human preadipocytes treated with 10 nM DEX as determined by aP2 protein levels at day 14 (data not shown). The data in Figure 4 show that BPA treatment alone significantly increased aP2 protein levels relative to control, as shown earlier. However, BPA-induced aP2 protein levels were not significantly affected by co-treatment with RU486 relative to BPA alone (Figures 4c and d) . Treatment of cells with RU486 on its own appeared to cause a small increase in aP2 protein levels as well compared with control, but the increase was not statistically significant. This is somewhat consistent with reports that RU486 alone has the potential to act as a GR agonist in adipocytes. 38 These data suggest that BPA-induced differentiation is likely mediated through a non-classical ERdependent mechanism rather than through the GR in human subcutaneous preadipocytes.
DISCUSSION
The current study demonstrates that BPA induces differentiation of primary human preadipocytes in vitro in the absence glucocorticoid and examines several potential mechanisms of action of BPA-induced differentiation. This in vitro study is consistent with in vivo reports showing that BPA exposure is correlated with obesity in several human models. 9, 39 Although transcriptional stimulation of the GR is believed to be crucial for the development of the adipocyte phenotype in these cells, addition of BPA causes increased fat accumulation and expression of mRNA and protein markers of adipocyte differentiation in the absence of a GR agonist. The fact that BPA-induced differentiation is not inhibited in the presence of an active concentration of the GR antagonist RU486 (Figures 4c and d) argues that the BPA effect is not mediated through activation of the GR in this model system. Interestingly, the adipogenic action of BPA is inhibited by a specific antagonist of the ER despite the lack of an effect of estrogen itself on differentiation in this model. This suggests that BPA induces adipocyte differentiation through a non-classical ERmediated mechanism rather than through GR activation. These results indicate that BPA can contribute to the final maturation of cells committed to the adipocyte lineage and add to the growing body of evidence that BPA acts as an obesogen.
In this study, as opposed to many reports in the literature, we evaluated the effect of BPA on adipogenesis in human preadipocytes in the absence of exogenous glucocorticoids and examined its mechanism of action on differentiation and lipid accumulation. Several potential mechanisms have been suggested based on the ability of BPA to act as an estrogen through binding classical or non-classical ERs and its potential ability to activate GR. 14, 40 Most of the studies investigating the effects of BPA on adipogenesis in vitro have done so using a differentiation cocktail containing DEX or cortisol, potent GR agonists and inducers of differentiation, making the interpretation of BPA-specific effects difficult. When DEX is present, it is very difficult to assess the mechanism of action and adipogenic effects of BPA, unless inhibitory effects are expected to be observed. Here, we report effects of BPA on human adipocyte differentiation in the absence of exogenous glucocorticoid. The ability of BPA to promote adipogenesis is consistent with reports that examined mRNA expression of adipogenic markers, such as aP2, lipoprotein lipase and PPARg. 13, 41, 42 Here, we report at least a 2-3-fold increase in lipid accumulation and aP2 protein levels (Figures 1 and 3) , consistent with previous studies in the 3T3-L1 murine cell model and human visceral preadipocytes. 14, 21 The range of BPA concentrations used in cell culture models has varied. Some studies showed effects in the 0.1-1 mM BPA range, 21, 33, 43 whereas others have gone as high as 80-100 mM BPA. 14, 44 Our data show significant optimal effects on aP2 protein levels at 25-50 mM BPA but also as low as 100 nM (however, this concentration was not statistically significant) (Figure 3a) . Very few studies have looked at BPA-induced adipogenesis in human preadipocytes. Most studies have examined adipocyte differentiation in murine cell lines, which differ from human adipocytes in many of the requirements for differentiation. Most murine cell lines require 7 days of differentiation, whereas the human preadipocytes require 14 days to fully differentiate. Moreover, the murine preadipocytes do not require the addition of a PPAR agonist (such as troglitazone) in addition to glucocorticoids to the differentiation cocktail, whereas human cells do not differentiate Figure 3 . Effects of BPA treatment on protein levels of the adipogenic markers aP2 and perilipin. Human preadipocytes were differentiated as described with increasing concentrations of BPA for 14 days, and protein levels of the adipogenic marker aP2 were assessed by western blotting (a) and densitometry (b) analyses. Human preadipocytes were also differentiated in the presence of 25 mM BPA or vehicle control for 6 or 14 days and protein levels of the adipogenic markers aP2 (c, d) and perilipin (e, f ) were assessed by western blotting and densitometry analyses. (g) Cells were differentiated in the presence of 1 mM DEX, and protein levels of the adipogenic markers aP2 and perilipin were assessed at days 0, 6 and 14 of differentiation by western blotting analysis. Images are representative of at least three separate experiments. b-Actin was used as the gel loading control for all blots. All densitometry values are expressed as means ± s.e.m. for at least three experiments. *Po0.05, **Po0.01 relative to control calculated by one-way analysis of variance with Holm-Sidak post-test analysis.
in the absence of troglitazone even when DEX is present (data not shown and Tomlinson et al. 16 ). Due to these differences, we examined the effect of BPA in a human preadipocyte cell model, which is more relevant to human health.
The current study is the first to report that BPA induces differentiation of human preadipocytes entirely in the absence of glucocorticoid stimulation. Previous reports of the action of BPA in mediating adipocyte differentiation have shown effects only when BPA is added in combination with the potent GR agonist DEX or other synthetic glucocorticoids. 21 One study also showed a BPAinduced increase in 11b-hydroxysteroid dehydrogenase type 1 in human omental fat cells 14 leading to activation of GR. However, these reports all show an effect on adipogenesis in the presence of a GR agonist. As we examined a potential GR-related mechanism of BPA action, it was necessary to perform our studies in the absence of DEX in the differentiation cocktail. Our results clearly show that BPA induces human preadipocyte differentiation and can partially replace the effect of DEX on the differentiation of these cells. Moreover, BPA-induced adipogenesis was not inhibited by the GR antagonist RU486, further suggesting that the effect is not mediated via GR. It is possible that BPA may have a higher affinity for GR than RU486 as the antagonist did not inhibit the BPA effect but RU486 likely has a similar high affinity to GR as its natural ligand DEX.
The current study is also the first to report that BPA induces adipogenesis not only in the absence of exogenous glucocorticoid but that the mechanism is likely through a non-classical ERmediated pathway rather than through the GR. Our data show that the ER agonist estradiol had no stimulatory effect on the differentiation of human preadipocytes, consistent with studies showing that estrogen does not have a positive effect on adipogenesis and is even considered to be anti-adipogenic. 24 More importantly, we also show that ICI, a specific ER antagonist, was able to inhibit BPA-induced adipogenesis by 75% as measured by a decrease in aP2 protein levels (Figure 4a ). This is intriguing as BPA is known to have estrogen-like properties and is able to bind to the ER; however, the fact that BPA has the opposite effect of estradiol on differentiation and is inhibited by an ER antagonist suggests that BPA is potentially acting through a nonclassical ER pathway. Interestingly, it has been recently shown that diethylstilbestrol, a potent ERa activator, was adipogenic in mice and 3T3-L1 cells and that the effect could be inhibited by ICI. Human preadipocytes have been shown to express both ERa and ERb. 46 BPA has been shown to act through ERb in b-islets and to signal through ERa to activate extracellular-regulated kinase 1/2 and increase insulin-induced genes. 40 The ability of ICI to inhibit the effects of BPA on ERa and ERb activation has been reported in HepG2 and HeLa cells. 36 ICI has also been shown to inhibit BPAinduced proliferation in ovarian cancer cells. 47 It remains to be determined in this system whether BPA binds the ER and activates non-classical ER-responsive genes that promote differentiation.
BPA may be regulating adipogenesis via other non-classical ER pathways. BPA has been shown to strongly bind the estrogenrelated receptor g (ERRg) and may be acting through this family of receptors to activate downstream genes. 27, 48 ERRg expression was reported to be upregulated following treatment with BPA in an insect model, 49 suggesting that BPA can affect ERR levels. Members of the ERR family have been shown to be involved in adipogenesis. 50 ERRa-knockout mice have been reported to have reduced adipose tissue deposition. 51 Moreover, activation of ERRa has been shown to upregulate PPARg coactivator-1a (PGC-1b) expression, which promotes the formation of PPARg/PGC-1b and sterol-regulatory-element-binding protein-1c/PGC-1b complexes, which are important adipogenic transcription factors. 52 However, the influence of BPA and/or ICI on the activity of any member of the ERR family has yet to be thoroughly investigated. Another potential non-classical ER mechanism of BPA-mediated adipogenesis may involve G protein-coupled receptor 30 (GPR30), which is a membrane protein that binds estrogen and initiates intracellular signaling pathways. One study showed that BPA can signal through both GPR30 and ERa. 53 However, the role of either GPR30 or the ERRs, which are expressed in adipose tissue, 54 in BPA-induced adipogenesis remains to be characterized.
CONCLUSIONS
In this study, we show that BPA promotes differentiation and lipid accumulation in primary subcutaneous human preadipocytes. Moreover, this is one of the first reports showing that BPA can induce adipocyte differentiation in the absence of exogenous glucocorticoids. We also show that while estradiol has no positive effect on adipocyte differentiation, BPA-induced adipogenesis is inhibited by an ER antagonist, but not by a GR antagonist, suggesting that BPA is potentially acting through a non-classical ER pathway. Future studies should examine the roles of the classical ER, ERRs and GPR30 in the mechanism of action of BPA in adipogenesis.
